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MycobacteriaThe RelA/SpoT enzyme produces (p)ppGpp that helps the bacterium survive during stress. The
domains present in it are interspersed with connecting linkers whose functions have been poorly
elucidated. We rationally analyzed the sequence and structural property of the regulatory C-termi-
nal region in the Rel family of proteins and report the presence of an intrinsically disordered region
between two successive domains in this region that are separated by a deﬁned amino acid sequence
length. We show that the length and secondary structure of this linker are conserved in Rel proteins,
further signifying its importance in rendering ﬂexibility for domain movement and domain–
domain interaction.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Successful adaptation to environmental changes is a prerequi-
site for the survival of an organism. Any change in the surrounding
leads to an immediate downstream signaling within the organism
to physiologically adapt to meet the requirements for survival. For
example, when starved of amino acid, bacteria accumulate unusual
guanosine polyphosphate, (p)ppGpp that triggers a cascade of
events collectively termed as the stringent response. This physio-
logical state of the bacterium, characterized by a rapid shutdown
of the expression of rRNA and tRNA [1,2], has been reviewed exten-
sively in the literature [3–5]. Escherichia coli and other Gram ve
bacteria express two proteins that together maintain the level of
(p)ppGpp in the cell; RelA causes its synthesis from ATP and GDP
whereas SpoT leads to its degradation [6,7]. SpoT has also been
shown to have mild synthetic activity whereas RelA lacks the
hydrolysis activity completely [6,7]. In most Gram +ve bacteria,
on the other hand, one polypeptide, termed Rel, has been shownto both synthesize and hydrolyze (p)ppGpp [8–11]. Occurrence of
(p)ppGpp has also been shown in higher organisms [12,13].
RelA/SpoT is required for several physiological activities in
different bacteria [3]. We were most intrigued by its role in the
long-term survival ofMycobacterium tuberculosis, since it is consid-
ered as one of the most successful pathogens known in humans
[14]. Rel inM. tuberculosis andMycobacterium smegmatis is a single
polypeptide chain containing both synthesis and hydrolysis activ-
ities [10,11,15]. Rel knock-out strains of these organisms showed
compromised prolonged persistence in in vitro culture condition
[16,17]. Moreover, in vivo survival of M. tuberculosis lacking the
functional Rel is severely compromised [18]. Very recently,
M. smegmatis has been shown to contain another ppGpp synthetase
gene [19]. The protein coded by this gene could hydrolyze RNA-DNA
hybrid besides synthesizing ppGpp in a ribosome-independent
manner. The physiological signiﬁcance of the former activity is yet
to be elucidated.
Attempts have been made to design inhibitors for Rel [20]. A
small synthetic ppGpp analog, termed Relacin demonstrated Rel
inhibition both in vivo and in vitro [21]. Interestingly, Relacin inhib-
ited both Gram ve and Gram +ve Rel enzymes thereby suggesting
that this molecule can act as a broad spectrum antimicrobial. The
information to design such an inhibitor was primarily obtained
using the RelA/SpoT crystal structure from Streptococcus equisimilis
[22]. The structure corresponding to the N-terminal half of the
protein showed two domains viz. the HD domain (required for
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1840 L. Ekal et al. / FEBS Letters 588 (2014) 1839–1849hydrolysis of ppGpp) and the RSD domain (responsible for synthetic
activity). The full-length Rel, however, contains two additional do-
mains, TGS [23] and ACT [24] that reside in the C-terminal half of
the protein [11]. It has been proposed that the C-terminal
region of the protein is involved in the regulation of protein’s
activity [11,25,26]. Fluorescence experiments have demonstrated
that the C-terminal of Rel interacts with the N-terminal region
[27]. These ﬁndings were further substantiated by rigorous in
silico analyses of the protein superfamily [28]. Interestingly, the
C-terminal of Rel from M. smegmatis has been reported to be
largely unstructured despite the presence of two domains in this
region [11].
Intrinsically Disordered Proteins (IDPs) and Intrinsically Disor-
dered Regions (IDRs) provide functional diversity and structural
ﬂexibility to protein molecules. They are capable of undergoing
several posttranslational modiﬁcations such as phosphorylation,
acetylation, methylation, and glycosylation to name a few
[29,30]. Interestingly, some eukaryotic IDPs are known to carry
out more than one unrelated function [31,32]. In bacteria, E. coli
ribosomal proteins L15, L16, L18 and L19, which act as chaperones
for both RNA and proteins, have been shown to contain structurally
disordered regions [33]. Computational analyses of bacterial and
eukaryotic proteins suggest that IDPs are mostly present in the lat-
ter [34,35]. Furthermore, disordered regions in proteins and pep-
tides have been shown to attain ordered structures when bound
to their interacting partners [36,37]. Thus, both IDR in proteins
and IDP themselves have begun to garner signiﬁcant interest given
the recent developments which attribute a wide range of structural
and functional role to these secondary structure elements and dis-
ordered proteins.
We have carried out a detailed computational analysis of the
Rel family of proteins and report, in the present paper, the exis-
tence and conservation of an intrinsically disordered region in
these proteins. We have utilized Rel from M. smegmatis as a model
system and performed circular dichroism based secondary struc-
ture characterization of different regions of this protein in isolation
to further strengthen the evidence for the existence of the disor-
dered region. The IDR which is present in the regulatory C-terminal
half of the protein signiﬁes that the inherent ﬂexibility rendered by
the conserved disordered segment is important in the functional
activity of the Rel proteins.Ta
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qu2. Materials and methods
2.1. Database search and sequence alignment
The Rel protein sequence from M. smegmatis (Uniprot ID:
A0QWJ6) was used as a template to search for homologs in the
Swissprot database using BLAST [38]. The hits thus obtained were
further ﬁltered based on the length and sequence identity as
compared to the template. Pairwise alignment was performed
using Emboss Needle [39] and presence of domains was assessed
in individual polypeptide chain by analyzing the sequences
using Pfam 27.0 database [40]. A larger dataset of proteins
belonging to RelA/SpoT family was obtained from the Uniprot
database available at http://www.uniprot.org/uniprot/?query=
family:%22relA%2FspoT+family%22 [41].
Redundant protein sequences with sequence identity above 70%
were eliminated from this dataset using CD-HIT [42]. ClustalW, was
used for carrying out multiple sequence alignment (MSA) [43]. A
rooted phylogenetic tree was also generated from the MSA using
Neighbor Joining algorithm. Sequence logo was obtained using
online WebLogo tool (http://weblogo.berkeley.edu/logo.cgi) by
submitting MSA of the desired regions [44,45]. Default parameters
of all bioinformatic tools were used for the analyses.
Table 2
Sequences used in the present study. The homologs were identiﬁed using Rel fromM. smegmatis (A0QWJ6) as reference. The identity with respect toM. smegmatis has been shown
in each case. The amino acid range shown for each domain demonstrates the beginning and the ending of the particular domain in each protein.
Accession number Length % Identity HD RelA/SpoT TGS ACT
A0QWJ6 797 93–241 300–411 459–518 714–792
Q49640 787 85 83–231 290–401 449–508 710–776
O87331 760 68 77–174 265–376 420–479 683–749
P52560 847 65 149–246 337–448 505–564 761–839
O54408 734 44 50–149 240–351 394–453 659–725
O52177 757 43 63–165 256–367 408–467 684–750
Q6GG70 736 41 38–188 247–358 402–461 655–733
P74007 760 42 76–175 267–378 423–482 684–747
Q54089 739 41 50–149 240–350 395–454 663–730
O67012 696 40 49–145 237–348 387–446 622–687
P0AG25 702 39 26–176 235–346 388–447 621–699
P55133 744 38 44–191 250–361 405–464 668––735
Q9KNM2 705 38 27–176 235–346 389–448 624–702
P0AG22 744 38 35–192 251–362 406–465 662–740
P44644 743 36 37–194 253–364 406–465 669–736
P43811 677 38 18–117 208–319 362–421 594–672
O34098 749 35 49–148 240–351 409–468 673–740
A5VPI9 750 35 26–176 235–346 392–451 669–747
Table 3
The length of the INT region (in amino acids). For the 18 proteins, used in this study,
the table shows the ending of the TGS domain (TGS End) and the beginning of the ACT
domain (ACT Start). The length of the INT region for each protein has been estimated
and an average has been calculated.
Accession number TGS End ACT Start INT Length
A0QWJ6 518 714 195
Q49640 508 710 201
O87331 479 683 203
P52560 564 761 196
O54408 453 659 205
O52177 467 684 216
Q6GG70 461 655 193
P74007 482 684 201
Q54089 454 663 208
O67012 446 622 175
P0AG25 447 621 173
P55133 464 668 203
Q9KNM2 448 624 175
P0AG22 465 662 196
P44644 465 669 203
P43811 421 594 172
O34098 468 673 204
A5VPI9 451 669 217
Average 196.44 Std Dev 13.96
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A total of six algorithms viz. VL3, VL-XT, XL1-XT, CaN-XT, VSL2B
and PONDR-Fit were utilized to predict disordered region in the
C-terminal part of Rel. The disorder prediction tool PONDR involves
four algorithms namely VL3 [46], VL-XT (containing VL1, XN and
XC) [47,48], XL1-XT [47] and CaN-XT [47]. We further strength-
ened our results by incorporating the outputs obtained from VSL2B
[49] and PONDR-Fit [50]. A quantitative description of the disorder
region prediction from different algorithms was also performed by
assigning a value equal to 1 bit for every amino acid that was
predicted to be disordered or 0 bit if it was suggested to be
ordered. The scores were then added and plotted using Sigmaplot
version 12.5 to assess the presence and distribution of the
disordered regions in the proteins.
2.3. Cloning, expression and puriﬁcation of C-terminal domains of Rel
The domains present on the C-terminal part of Rel protein were
cloned by PCR ampliﬁcation using pETRelCTD3456 as a templatethat had all the cysteines mutated to serines [27]. The restriction
digestion, dephosphorylation, ligation and transformation were
carried out as described [51]. Phusion (Fermentas) was used for
all PCR reactions following manufacturer’s instructions. E. coli
XL1blue strain (Stratagene) was used for all the cloning experi-
ments and was grown in LB medium containing 100 mg/ml ampicil-
lin, at 37 C with constant shaking at 200 rpm; 1.5% agar was used
wherever required. The TGS domain was PCR ampliﬁed using PET-
FOR (ATCGAGATCTCGATCCCGCGAAATTAATACG) and CTDTGSREV
(CGCGACGGCGCGGCCGCGGGCGCCTTCGAG) primers and was
digested with NdeI (present in the amplicons) and NotI sites. It
was subsequently ligated into pET21b vector (Novagen) pre-digested
with the same enzymes and dephosphorylated, to yield pETRelTGS.
The ligation mixture was transformed in E. coli XL1Blue (Stratagene)
and the positive clones (vector carrying the desired insert) were
conﬁrmed by sequencing. The ACT domain cloning was carried out
using CTDACTFOR (CGTCGCCGTCGCATATGTTCCTGGTCG) and
PET21bREV (CCTTTCGGGCTTTGTTAGCAGC) primers, as described
above. However, in this cloning, NdeI site was present in the primer
whereas NotI site was available in the amplicon. The cloning
yielded pETRelACT. The INT domain was PCR ampliﬁed using the
primers CBDINTFOR (CTCGAGAACGGCGGCCGCGTCGAGGTGTTCACC)
and CBDINTREV (GAGTGCCTGCAGTCAGATGGCGACCAGGAACACC).
It was subsequently cloned in pTWIN2 vector (New England Biolabs)
at NotI and PstI sites to yield pTWINRelINT containing a Chitin Bind-
ing domain (CBD) at the protein’s N-terminus. All the plasmids were
transformed in E. coli BL21(DE3) for protein production. The cells
were grown in LB broth containing 100 lg/ml ampicillin at 37 Cwith
constant shaking at 200 rpm unless otherwise speciﬁed. The TGS and
ACT domain expression and puriﬁcation followed as described for the
RelWT [11] using the Ni–NTA column chromatography. The INT do-
main was expressed following a protocol that requires low salt and
sorbitol in the medium [52] with certain modiﬁcations. Brieﬂy,
E. coli BL21(DE3) cells carrying plasmid for INT were grown in mod-
iﬁed broth containing LB broth and supplemented with 0.56 M sorbi-
tol and 2mM betaine. The culture was grown at 37 C until the
optical density of the culture at 600 nm reached 0.8 after which the
cells were grown at 13 C with a constant shaking at 150 rpm for
one hour. Induction was carried out by addition of IPTG to a ﬁnal con-
centration of 300 lM and the growth was allowed to continue for
16 h at 13 C. Cells were then harvested by centrifugation. The cells
were resuspended in lysis buffer containing 50 mM sodium phos-
phate buffer pH 8.5, 500 mM NaCl and 1 mM 2-mercaptoethanol
and lysed by sonication. The lysate was cleared by centrifugation
Fig. 1. The weblogo depicting the multiple sequence alignment of the INT region of the 18 protein sequences. The logo shows the conservation of various residues/regions in
the INT domain of all the proteins. The y-axis represents the bit score. A score of 4 on y-axis means 100% conservation. The x-axis displays the position of amino acid in the
multiple sequence alignment.
1842 L. Ekal et al. / FEBS Letters 588 (2014) 1839–1849and the supernatant was loaded on to the Chitin beads pre-equili-
brated with lysis buffer. At least 20 column volumes wash was car-
ried out with lysis buffer. The elution was performed in lysis buffer
having pH 6.8. All of the proteins prepared were quantiﬁed using Pro-
tein assay kit with BSA as standard (Bio-Rad) and the purity was
checked by SDS–PAGE analysis. Further, the identity of each protein
was conﬁrmed by carrying out in-gel trypsin digestion and MALDI
mass spectrometry (data not shown).
2.4. Circular dichroism spectroscopy
The secondary structure assessment for all the proteins pre-
pared in this study was carried out by recording circular dichroism
on Jasco J-815 spectropolarimeter. All of the proteins thus prepared
were dialyzed against CD buffer containing 50 mM sodium phos-
phate buffer pH 8.0, 20 mM NaCl and 1 mM 2-mercaptoethanol.
In each case, a total of six accumulations were recorded at 25 C
in a quartz cell of 0.2 cm path length. The accumulations were then
averaged and blank subtracted.3. Results
3.1. Identiﬁcation of conserved intermediate (INT) region between TGS
and ACT domains in Rel proteins
The TGS and ACT domains present at the C-terminal half of Rel
proteins are believed to be involved in the regulation of its activity.
We, therefore, initiated our investigation by ﬁrst exploring the
presence of these two domains in Rel protein of other bacterial
species. Rel from M. smegmatis was used as a template to carry
out a database search keeping the identity cutoff to less than 90%
in order to maintain non-redundancy. The sequences were further
curated on the basis of length which was kept at more than 670
amino acids. An initial set of 22 sequences were obtained from this
exercise (Table 1). Pairwise alignment was then carried out to
further ascertain the degree of divergence within the selected se-
quences. Four proteins viz. O85709, Q931Q4, Q6G8T5 and
Q8CS97 were removed from the initial list due to high similarity
with one or the other sequences (Table 1). Finally, in total, we ob-
tained 18 Rel protein homologs (SI ﬁle: 18_sequences.docx), which
comprises of representative members from a broad spectrum of
Fig. 2. Disordered regions in the C-terminal half of Rel from M. smegmatis. (A) The
amino acid sequence of the Rel CTD along with the disorderedness "D" prediction
from various algorithms. The TGS and ACT domains present in the Rel CTD have
been depicted on the sequence as green and yellow colored boxes, respectively.
Each disorderedness was assigned a value of 1 and sum of these values for every
amino acid has been depicted in the form of a graph (B) with a maximum y-axis
value = 6. The amino acid position in the graph corresponds to the amino acid in the
Rel CTD with respect to the full-length protein. The C-terminal half of RelMsm has
been depicted with both TGS and ACT domains on it, aligned with the graph.
Fig. 3. Circular dichroism of TGS, ACT and INT domains of Rel. Both TGS (green) and
INT (blue) show proﬁle similar to random coil conformation. ACT (red), on the other
hand, shows spectrum suggestive of a well-folded protein. The secondary structure
content, estimated using Reed’s reference, in each protein has been shown. The INT
and TGS proteins show very high amounts of random coil conformation (%RC).
L. Ekal et al. / FEBS Letters 588 (2014) 1839–1849 1843phylogeny (Table 2 and Fig. S1). A Pfam database search with these
sequences showed the presence of all four domains viz. HD, RSD,
TGS and ACT characteristically present in all the homologs
(Table 2). An interesting observation made from this analysis was
that the TGS and ACT domains were always found to sandwich a
sequence belonging to a yet unidentiﬁed region which we called
as INT (intermediate domain) (Table 3). The Pfam database cur-
rently has no annotation for this region. Furthermore, it was
intriguing to note that the length of this region was mostly con-
stant in all the proteins. It was found to be about 196 amino acids
long with standard deviation of 14 amino acids (Table 3). Multiple se-
quence alignment of this domain also showed interesting
result (Figs. 1 and S2). Although there was no appreciable preserved
sequence pattern, 40 amino acids on each end showed reasonably
conserved residues with more than 50% identity for speciﬁc amino
acids. However, the region in between has a high degree of substitu-
tion where the conservation per column is only about 30%.
3.2. INT region of RelMsm is intrinsically disordered
The CTD (C-Terminal Domain) of Rel that contains the INT
region along with TGS and ACT domains is required for the regula-
tion of the protein’s activity upon binding to small ligands
[11,15,25–27]. Our multiple sequence alignment with INT shows
that large proportion of this region is highly variable in terms of
its sequence composition except for the terminal ends which are
close to the functionally characterized domains. Circular dichroism
of Rel CTD showed that the entire C-terminal part of the protein is
largely unstructured [11]. Considering these observations, a de-
tailed analysis of Rel CTD was undertaken. We examined the phys-
ical property of the sequence in terms of its disorderedness by
utilizing at least six different algorithms which collectively suggest
that the C-terminal region of RelMsm indeed contains signiﬁcant
disordered segments (Fig. 2A). We also carried out quantitative
estimation of the property by analyzing the data as described in
the Section 2 above. Although a major portion of Rel CTD showed
the presence of disordered regions, we observed the strongest indi-
cation between amino acids 540–580 and 622–657 (Fig. 2B) that
reside within the INT region of the protein. Additionally, this anal-
ysis was performed for other sequences in the dataset and they
also displayed similar properties (Fig. S3A–C).
Proteins rich in hydrophobic amino acids are thought to fold
well and adopt a proper tertiary structure due to the hypothesized
1844 L. Ekal et al. / FEBS Letters 588 (2014) 1839–1849hydrophobic collapse required for protein folding [53]. However,
Intrinsically Disordered proteins (IDPs) and Intrinsically Disor-
dered Regions (IDRs) usually contain substantial number of polar
residues [54,55]. It has been shown that amino acids R,G, Q, S, P,
E, K, and A are largely present in IDPs and IDRs with a population
distribution of about 60% whereas W, C, F, I, Y, V, L and N are
underrepresented with only 34% coverage in the dataset [56]. Com-
paratively, it was found that for ordered structure, the two groups
were equally represented. In a similar manner, we also calculated
population distribution of these amino acids in the INT region of
the 18 sequences including Rel CTD of M. smegmatis. It was
observed that the hydrophobic group of amino acids constitutes
only 33.9% with a standard deviation of 4.3%. These ﬁndings sug-
gest that INT of Rel CTD has less representation from hydrophobic
amino acids that are required to form an ordered structure.
Collectively, the secondary structure prediction and sequence
composition suggest that the INT region present in the C-terminal
of Rel indeed contains favorable conditions to form a disordered
structure and is less likely to have a stable regular secondary
structure. We thus conclude that the INT region of the protein
belongs to an IDR.
3.3. Circular dichroism based dissection of the RelMsm CTD
CD experiments with the C-terminal half of the protein had
suggested that it is largely unstructured [11]. Detailed computa-
tional analysis carried out in the present study indicates that theFig. 4. Weblogo depicting the multiple sequence alignment of the TGS domain of the 543
100% conservation. The x-axis displays the position of amino acid in the multiple seque
observed from the weblogo.INT region has signiﬁcant elements that favor disorderedness. We,
therefore, performed CD analysis of individual domains viz. TGS,
INT and ACT. The CD spectra of the puriﬁed ACT domain suggested
that this region is well folded (Fig. 3). However, the CD spectra ob-
tained for TGS and INT domains indicated that these regions of the
protein aremostly unstructuredwith only residual secondary struc-
ture (Fig. 3). The spectra were further analyzed using Jasco’s second-
ary structure estimation software following Reed’s reference [57].
We observed that while the ACT protein showed the absence of ran-
dom coil, the TGS and INT proteins were found to have 63.6% and
68.4% random coils respectively (Fig. 3). These results corroborate
our IDR prediction analyses that suggested the INT region and, to
a certain extent, the TGS domain, to be disordered.
3.4. Identiﬁcation of IDR in a larger dataset of Rel proteins
The discovery of an intrinsically disordered region in RelMsm
C-terminal tempted us to explore a larger dataset of Rel proteins,
which was obtained from the Uniprot database. This dataset was
ﬁltered by removing redundant sequences by keeping sequence
identity to less than 70% and length of the proteins in the range
between 650 and 900 amino acids. This approach ﬁnally yielded
us 543 protein sequences that also included RelMsm (SI ﬁle: 543_se-
quences.docx). All these sequences were found to contain both TGS
and ACT domains. Multiple sequence alignment of these proteins
showed remarkable conservation of amino acids in these domains.
The conservation is more noticeable in TGS (Fig. 4) as compared toprotein sequences. The y-axis represents the bit score. A score of 4 on y-axis means
nce alignment of this domain. A large number of conserved residues can be easily
Fig. 5. Weblogo depicting the multiple sequence alignment of the ACT domain of the 543 protein sequences. The y-axis represents the bit score. A score of 4 on y-axis means
100% conservation. The x-axis displays the position of amino acid in the multiple sequence alignment of this domain. The sequences show very less number of conserved
residues.
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INT region in these proteins. The average length of the segment
was found to be around 189 amino acids with standard deviation
of 15 amino acids. The residue length of the INT region observed
for these 543 proteins and the 18 highly non-redundant sequences
analyzed earlier are in good agreement with each other. It is thus
conceivable to ascertain that the sequence length of the INT region
is critical for the protein’s structural and functional property across
different genera. Multiple sequence alignment focusing on the INT
region of the 543 proteins showed some degree of conserved ami-
no acids that were localized primarily at the N- and C-terminals of
the INT region (Fig. S4). We used this information to partition INT
into three segments. The ﬁrst two segments represent N- (Fig. 6)
and the C-terminals (Fig. 7) of INT both of which contain 40–50
relatively conserved amino acids. The third segment which is pres-
ent in between contains poorly conserved 100 amino acids
(Fig. 8).Lesser representation from W, C, F, I, Y, V, L and N aminoacids is suggestive of the presence of IDR in the sequence [56], as
stated earlier. We analyzed the INT region in 543 sequences for
the presence and distribution of these amino acids. Our data show
that the content of these amino acids in the entire INT region is
only 34% with standard deviation of 4.4%. Taken together, it is
reasonable to conclude that the INT segment of 200 amino acids
in all Rel proteins constitutes an intrinsically disordered region.
4. Discussion
Stringent response plays a vital role in the bacterial adaptation
and survival under adverse environmental conditions. This physio-
logical response is mediated by RelA/SpoT that, in turn, synthesizes
(p)ppGpp and, thereby, triggers several key downstream signaling
pathways. There are four domains in this protein viz. HD, RSD, TGS,
and ACT. The HD and RSD have been functionally characterized and
are known to hydrolyze and synthesize (p)ppGpp, respectively. The
Fig. 6. Weblogo depicting the multiple sequence alignment of the N-terminal region of the INT domain of 543 protein sequences. The INT domain was subdivided into three
sections. Only the N-terminal has been shown here. The y-axis represents the bit score. A score of 4 on y-axis means 100% conservation. The x-axis displays the position of
amino acid in the multiple sequence alignment. This segment shows a large number of conserved residues.
Fig. 7. Weblogo depicting the multiple sequence alignment of the C-terminal region of the INT domain of 543 protein sequences. The INT domain was subdivided into three
sections and only the C-terminal region has been shown here. The y-axis represents the bit score. A score of 4 on y-axis means 100% conservation. The x-axis displays the
position of amino acid in the multiple sequence alignment. Although the number of amino acids are 50, the x-axis stretches to 71 due to gaps. The region shows several
conserved residues.
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tion of catalytic activities, have not yet been studied in great detail.
These domains are distributed along the molecule from the N- to
the C-terminal region, respectively, separated by linker segments.
The C-terminal part of Rel from M. smegmatis which comprises of
the TGS and ACT domains has earlier been shown to be largely
unstructured. [58]. We report here the presence of a conserved
stretch of approximately 200 amino acids in the region sandwiched
between the TGS and ACT domains, which is termed as INT (Inter-
mediate domain). The length of the INT region is found to be con-
served in several other distantly related Rel proteins. The INT
region is also predicted to be mostly disordered that is furthercorroborated by circular dichroism experiments. We wish to add
here that the CD studies on the INT were carried out in isolation
and hence, may not reﬂect its complete structural behavior as part
of the native protein. It would, however, be fascinating to under-
stand the structural behavior of the INT region as an integral part
of the full length Rel protein. The regulatory ACT and TGS domains
present at the C-terminal region of Rel have to interact with the
synthesis/hydrolysis domains present at the N-terminal region in
order to modulate the functional activity of this molecule. In doing
so, the protein is required to undergo a large conformational shift
so as to allow the domains to interact with each other. Such large
scale movement can only be facilitated by the presence of a ﬂexible
Fig. 8. Weblogo depicting the multiple sequence alignment of the central portion of the INT domain of 543 protein sequences. The INT domain was subdivided into three
sections; the middle region of 100 amino acids has been shown here separately. Since the region contained very less conservation, only the sections containing signiﬁcantly
conserved residues have been shown in the four panels (A–D), to enhance the quality. In the Rel of M. smegmatis, these panels correspond to following amino acids: A, 553–
575; B, 583–591; C, 592–618; and D, 638–663. The y-axis represents the bit score. A score of 4 on y-axis means 100% conservation. The x-axis displays the position of amino
acid in the multiple sequence alignment.
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are ﬂexible and can adopt multiple conformations. We, therefore,
conclude that the conserved INT segment in Rel family of proteins
acts as a ‘‘ﬂexible linker’’ between the TGS and ACT domains to
facilitate such movements and hence assist in the overall function-
ing of the protein. The conservation of length in the ﬂexible linker
region could be essential for efﬁcient domain–domain interactionsas has been shown earlier [27]. It has been reported that the
C-terminal of Rel binds to small ‘‘effector’’ molecules such as
uncharged tRNA and (p)ppGpp [11,27] in order to modulate the
activity of Rel. We believe that the length and the physical property
of the CTD region of the protein allow for the large scale domain
movement whereas the relatively conserved residues might be
required for binding to such ‘‘effector’’ molecules.
1848 L. Ekal et al. / FEBS Letters 588 (2014) 1839–1849IDR in proteins are now being looked upon as important ele-
ments contributing signiﬁcantly towards the overall structural
and functional properties of these molecules. The presence of IDR
in Rel family of proteins further highlights the growing evidence
on the prominence of these structural elements towards assisting
in the functionality of the molecules. They are evolutionarily con-
served in distantly related members as observed in our current
study. An experimentally determined three dimensional structure
of the complete Rel protein is currently lacking although the struc-
tures of individual domains or its structural homologs from other
proteins are available. Since Rel remains intact upon over-expres-
sion in E. coli, it is of immense interest to understand how the dis-
ordered region present in the protein is protected from the cellular
proteases and thus helps in the dynamics of the constituent
domains.
5. Conclusions
The current study has for the ﬁrst time highlighted the presence
and the importance of a conserved disordered region at the
C-terminal in the Rel family of proteins. The present ﬁndings add
a very interesting aspect to the already identiﬁed domain–domain
interactions involved in the intramolecular crosstalk in the protein.
This, we believe, will be a signiﬁcant step towards a more compre-
hensive understanding of the overall functioning of these proteins
that will eventually assist in the future designing of more potent
microbe inhibitors.
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